Drought vulnerability of trees and other woody plants is much debated in the context of climate change, which creates a high interest in understanding plant water relations. The role and functioning of internal water storage is crucial, but still insufficiently understood. Drought vulnerability is typically assessed by considering loss in conductivity in function of decreasing xylem water potential, in a so-called 'vulnerability curve'. The xylem water potential at which a certain percentage of conductivity is lost (usually 50%) gives an indication of the vulnerability to cavitation. In a 'desorption curve', we can examine the release of water from internal storage tissues with decreasing water potential. Both curves are very valuable, but rely on a sequence of manual measurements (xylem water potential, hydraulic conductivity and water content) and are time-consuming. Therefore, we propose a new type of vulnerability curve that is based on continuous measurements of diameter shrinkage and ultrasonic acoustic emissions (UAE). We monitored weight loss, xylem diameter shrinkage and UAE and measured xylem water potential during the dehydration of excised branches of Vitis vinifera L. 'Johanniter'. The vulnerability curves could be interpreted in terms of water loss in elastic and inelastic tissues. The proposed method can be a tool to assess hydraulic capacitance and conductivity of the xylem.
INTRODUCTION
The internal storage of water makes trees, and other woody species, resilient to sudden fluctuations in soil water availability. In periods when canopy water loss cannot be supplied by root water uptake, depletion of internal water reserves can contribute to the transpiration stream and carbon uptake through the open stomata can be continued. The depletion of internal water reserves also buffers strong fluctuations in xylem water potential. Strong negative water potentials induce cavitation in xylem elements, which impairs the hydraulic conductivity of the stem. However, cavitation recovery is observed diurnally (Waring and Running, 1978; Tyree et al., 1986; Zufferey et al., 2011) as well as seasonally (Sperry et al., 1987; Perks et al., 2004) , which means that a certain degree of cavitation can serve as water supply and can contribute to the hydraulic capacitance of the tree (Hölttä et al., 2009) .
The hydraulic capacitance (C [kg m -3 MPa -1 ) is the amount of water [kg m -3 ] released by the plant tissues for a unit drop in water potential (ψ [MPa] ) (Meinzer et al., 2003) and can be calculated from a desorption curve. Depending on the dehydration stage, a different capacitance is observed in dehydrating wood segments (Tyree and Yang, 1990) . Three distinct phases can be attributed to three main contributing tissues.
The high C during the initial phase is attributed to 'capillary water', the release of water from embolized wood cells and intercellular spaces. The shrinkage of elastic tissues results in a second phase with lower C and when a certain ψ threshold is reached, water release by cavitation allows again a higher C during the last dehydration stage. Only trees growing in very wet environments can benefit from the high C of 'capillary water'. Under temperate growing conditions, shrinkage of living cells in storage tissues is the main component of water storage. When drought events take place, cavitation might also deliver a contribution to the capacitive discharge of water. This contribution is often considered as negligible and more attention goes to the conductivity loss that is associated with cavitation. During the controlled or uncontrolled desiccation of a wood sample or whole plant, hydraulic conductivity is measured as the amount of water that can be forced through a sample when a pressure gradient is applied (Sperry et al., 1988) . A vulnerability curve is constructed, which depicts increasing PLC (percentage of conductivity loss) versus decreasing ψ [MPa] . The xylem water potential at which a certain PLC is reached (usually 50%: ψ50) gives an indication of the vulnerability to cavitation (Choat et al., 2012) .
Both the desorption curve and the vulnerability curve provide useful information on the water management and drought resistance of the considered (part of the) tree. Combining both curves gives a more comprehensive picture when studying the water relations. For example, the conductivity loss below a certain ψ, together with increased C, proves that cavitation is indeed responsible for the higher capacitance under conditions of low ψ for stems of Thuja occidentalis, Tsuga canadensis and Acer saccharum (Tyree and Yang, 1990) . In a study by Barnard et al. (2011) , the ψ50 of Pseudotsuga menziesii and Pinus ponderosa was paradoxically higher on the most arid site (east) of the Cascade Mountain Range. However, a higher hydraulic capacitance in the arid-site specimens was observed and probably contributed to a better resistance to drought.
The measurement of conductivity loss can be replaced by measuring ultrasonic acoustic emissions (UAE) (Lo Gullo and Salleo, 1993; Hacke et al., 2000; Rosner et al., 2006) to construct vulnerability curves. This procedure does not require manual conductivity measurements and is thus less time-consuming. In this line of thought, we want to go a step further and replace the water potential measurements by continuous monitoring of xylem diameter shrinkage. We propose an automatic method to obtain desorption-vulnerability curves in which the relationship between UAE and xylem diameter shrinkage gives information on both hydraulic conductivity and hydraulic capacitance of the xylem.
MATERIALS AND METHODS
The experiments were conducted with plant material from 1-year-old grapevines (Vitis vinifera L. 'Johanniter') that were grown outdoors in 50-L containers. The plants were abundantly watered and the leaves were packed in an envelop of plastic and aluminium foil the evening before we harvested the branches. Early in the morning, before sunrise, four branches of 60 cm length were cut under water and enclosed in a humid and light tight plastic bag for one hour, the ends covered with parafilm. These precautions were taken to bring the branch segments in a hydraulic equilibrium state. In the lab, the dehydration of the branches was monitored using a weighing scale (PS 4500/C/2, Henk Maas, Veen, Netherlands), three linear variable displacement transducers (LVDT, DF/5.0, Solartron Mobrey, Brussels, Belgium) and three ultrasonic acoustic emission (UAE) sensors (VS150-M sensor and ASCO-P signal conditioner, Vallen Rosner, S., Karlsson, B., Konnerth, J. and Hansmann, C. 2009 
